The objective of the study was to perform serial magnetomyographic examinations in order to detect changes in synchrony characteristics of myometrial electrophysiological activity as women approach labor. Of the total of 56 patients recruited, the results of 149 examinations from 29 patients were included in the analysis. The global synchrony across each sensor spread over the abdomen was computed and quantified as synchronization index. The mean and the median value of the global synchrony were computed and correlated with time to active labor from the last recording. Overall, synchrony increased as the patient approached active labor (P ¼ .035). Furthermore, mean synchronization index increased twice as fast in the nonnulliparous group compared to the nulliparous group (P ¼ .039). The changes in synchrony of uterine electrophysiological activity near term could aid in prediction of labor.
Introduction
Early and reliable diagnosis is essential for the development of successful interventions to prevent preterm delivery and improve outcome. According to the National Institute of Child Health and Human Development, 1 the preterm birth rate in the United States is over 12% of all live births, accounting for over half a million premature births each year. Preterm birth is the leading cause of death among African American infants, the second leading cause in caucasians, and is associated with an increased risk of developmental disabilities. Over the last 2 decades, preterm birth rates have risen approximately 30%, reaching 12.7% in 2005. It is one of the most important obstetrical problems and has a major impact on both the medical and the economic 2 aspects of our health care system. Low birth weight infants that survive preterm delivery are 10 times more likely to have neurological complications such as cerebral palsy, visual and hearing impairment, and chronic lung problems. 3 Home monitoring devices based on tocodynamometry have also been developed for early detection of preterm labor in high-risk patients. Large randomized controlled trials have demonstrated that the use of a home uterine monitor is not associated with a decrease in the incidence of preterm birth. 4 Despite the advancement of medicine and technology, the incidence of preterm birth in the United States has not decreased.
In terms of physiology, the uterus is a complex organ, and the underlying mechanism of labor is only partially understood. [5] [6] [7] Uterine contractions can be described by their mechanical and electrophysiological aspects. A mechanical contraction is manifested as a result of the excitation as well as the propagation of electrical activities in the uterine muscle and appears in the form of an intrauterine pressure increase. In order for the myometrial cells to contract rhythmically and forcefully, there should be a mechanism by which the cells interact to achieve synchronous activity in order to deliver the fetus during labor. It is well known that the sequence of contraction and relaxation of the uterine myometrium results in cyclic depolarization and repolarization of the membranes of the muscle cells. Like cardiac cells, uterine myometrial cells can generate either their own impulses-pacemaker cells-or can be excited by the action potentials propagated from the other neighboring cells-pacefollower cells. The complexity in understanding the uterine activity arises from the fact that each myometrial cell, unlike cardiac cells, can act as a pacemaker or as a pacefollower. In other words, there is no evidence of the existence of a fixed anatomic pacemaker area on the uterine muscle. Action potential bursts can originate from any uterine cell and thus the pacemaker location can shift from one contraction to another. [5] [6] [7] [8] [9] Normally, close to term gestation, the myometrial cells contract rhythmically and forcefully to achieve synchronous activity in order to deliver the fetus during labor. The onset and progress of labor are related to the degree of synchrony in the electrical activation of uterine contractions. 10 Early studies by Csapo and Takeda 11, 12 have shown that labor is a result of rapid spread of action potential throughout the myometrium. Further, in vivo recording in animal and human studies have shown that electrical activity becomes synchronized over the uterus during labor resulting from an increase in propagation in the myometrium. 9, [12] [13] [14] In order to better understand the physiological mechanism of uterine contraction, we have conducted studies 15, 16 using a noninvasive device that records biomagnetic fields (magnetomyography [MMG]) corresponding to the electrical activity of the uterine smooth muscle. We believe that MMG, 15 a relatively new noninvasive technology, can provide an objective approach to diagnose and predict preterm labor. In the initial phase of study, the technology needs to be applied to term labor in order to better understand and quantify the changes in the uterine electrophysiology as the uterus prepares to approach active labor. The spatial-temporal information with this multisensor array technology provides much more information about the contractile nature of the uterus than has previously been possible to obtain.
Our group was the first to show the feasibility of performing noninvasive MMG recordings corresponding to the electrical activity of the uterine smooth muscle. 15 After performing the feasibility phase of the study, the next step was to test the hypothesis that this technique could aid in understanding the mechanism of labor in both term and preterm pregnancies. We characterized the noninvasive magnetic field recordings of uterine electrophysiological activity in patients who presented to the labor and delivery triage area for evaluation of onset of labor. A total of 15 patients (11 term and 4 preterm) participated in the study. 16 The relative strength of MMG activity increased in patients in active labor (!3 cm cervical dilation) when compared to patients with contractions but not in active labor (both term and preterm). This study showed that increased peak-amplitude values of the magnetic activity of the uterus correlate with the development of labor within 48 hours of the recording. This finding relates to the fact there is an increased electrical activation of the myometrium close to the onset of labor.
Although there were a limited number of preterm patients, we demonstrated that this technology could potentially be applied to preterm labor patients. 16 However, before performing a large-scale study of preterm patients, we would need to identify the changes in the signature and characteristics of uterine activity as the uterus approaches active labor in lowrisk term pregnancies. More recently as a proof of concept on a few term patients, we have shown that the electrical synchrony of the uterus increases as it gets closer to active labor. 17 Based on these results, in this current study, we performed serial recordings in patients starting at the end of the 36th week of gestation until the onset of active labor in order to track any changes in the synchronization of the uterine electrical activity.
Methods
All data were collected at the University of Arkansas for Medical Sciences (UAMS) SQUID Array for Reproductive Assessment (SARA) Research Center. 15 This study was approved by the UAMS institutional review board. The study protocol was explained to the patients, and written consent to perform the study was obtained. The gestational age at each visit and other demographic information were recorded. The patients were then asked to sit comfortably and lean forward on to the sensor array ( Figure 1 ). Each patient was requested to begin study participation close to the end of the 36th week of gestation and to return for repeated measurements at least 3 times/wk until they reached active labor. A total of 56 patients were recruited for the study. Any patient who had less than 3 serial recordings before reaching active labor was excluded from the tracking analysis, which resulted in 35 patients (Table 1) . Active labor was defined as cervical dilation of 3 cm or greater. Patients who were induced or had a cesarean section before they entered into active labor were also excluded. Based on this criterion, 149 successful recordings from 29 patients were included in the synchrony analysis. The earliest recording was at 36 weeks and 5 days of gestation, and the latest recording performed was at 40 weeks and 4 days. Each recording session lasted approximately 20 minutes with a sampling rate of 250 Hz.
In the postprocess, we bandpass filtered the signals (0.35-0.8 Hz) using a Butterworth filter with zero phase distortion to attenuate the fetal and maternal cardiac signals. We then partitioned the MMG from all the 150 sensors into 10-second end-to-end epochs. In each epoch, we computed the Hilbert transform of the signals and calculated the Hilbert amplitude. 18 To this end, we calculated the squared correlation coefficient between each sensor and every other sensor, which resulted in a 150 Â 150 matrix, called an association matrix, which we used for further analysis. We defined the global synchronization index as the ratio of the sum of the leading eigenvalues of the association matrix from a patient's observed data to the trace of this matrix. Leading eigenvalues were themselves defined as being larger in magnitude than a noise floor, which in turn was computed as the largest eigenvalue from a so-called ''null'' association matrix computed from a randomly scrambled version of the patient's data. To identify the sensor regions that contributed to global synchrony, we projected the association matrix onto the eigenvector corresponding to the leading eigenvalue.
In the next step, we tracked changes in the synchronization index starting at the end of 36 weeks of study until the last MMG before the patient reached active labor. To accomplish this, we computed the mean and the median value of the synchronization index. Furthermore, in order to look at the effect of parity on the synchronization index, the patients were classified into nulliparous and nonnulliparous (!1; primiparous and multiparous) groups, and this classification was included as an additional covariate in the statistical analysis. Based on Because all values of the synchrony index fell between 0 and 1 by definition, the data were analyzed via ''b regression,'' which assumes the residuals follow b distributions instead of Gaussian distributions. 19 Specifically, the data were subjected to mixed models b regressions using the Glimmix Procedure (SAS v9.3; The SAS Institute, Cary, North Carolina) with link ¼ logit, distribution ¼ b, and a random subject effect. Two regression models were considered, that is (1) a univariate model with days prior (the number of days before active labor) as the only fixed effect and (2) a bivariate model with parity (nulliparous and nonnulliparous), days prior, and their interaction as the fixed effects. P < .05 was considered statistically significant, despite the multiple testing, in order not to compromise type II error.
Results
The number of serial recordings per patient ranged from 3 to a maximum of 9. The characteristics of the patient population and other study parameters are shown in Table 1 . For each patient, the timing of initial and final recording prior to active labor is provided in days and by gestational age. The parity and the information regarding induction are tabulated. Figures 2 and 3 show the variation in MMG synchrony occurring between the first and the last day of recording just before the onset of active labor. In Figure 2 , patient 17 shows a clear increase in synchrony starting at 37 weeks until active labor was reached on the day of the last MMG study at 38 weeks 1 day. Similarly, Figure 3 shows the variation in synchronization index for data from patient 48 at 22 days (37 weeks) until 2 days (40 weeks 1 day) prior to active labor. Small regions of low synchronous activity can be observed in earlier recordings, whereas there is a significant increase in the synchrony over the entire recording area 2 days before the patient reached active labor.
The plot in Figure 4 shows the regression-predicted mean (95% confidence limits) of synchronization mean as a function of the days prior to active labor. This figure shows the b-regression results for the univariate model with days prior as the only fixed effect. In particular, it shows that the average mean synchronization index (MSI) increases steadily with time as the population approaches active labor, at a logit rate + standard error of 0.0110 + 0.0052 per day; moreover, the rate of increase was statistically significant (P ¼ .035). Figure 5 shows the b-regression results for the bivariate model with days prior, parity, and the parity-by-days-prior interaction as the fixed effects. In particular, it shows that the average MSI of both parity groups increases steadily with time as the population approaches active labor. However, MSI increased almost twice as fast in the nonnulliparous group, with a logit rate + standard error of increase of 0.0162 + 0.0078 per day (P ¼ .039), compared to a logit rate of only 0.0082 + 0.0071 per day (P ¼ .25) in the nulliparous group.
Comment
A complete spatial-temporal mapping of uterine activity throughout pregnancy is a key parameter in the understanding the mechanism of uterine contraction. 9, 20, 21 The large surface area and the shape of the SARA array provide the ability to noninvasively record magnetic signals associated with the initiation and propagation of uterine activity. In this report, we have shown that quantification of spatial distribution through investigation of the amplitude synchronization of the MMG signals can provide insight into the changes that occur in the uterine electrophysiology before active labor is reached. Due to the poor predictive power of the tocography and the invasive nature of intrauterine pressure catheter, neither technique has been beneficial in Figure 2 . The variation in synchronization index as a function of gestational age for patient 17. The first recording was performed at gestational age of 37 weeks 0 days, and last recording was performed on 38 weeks and 1 day. The day prior to which the study was done calculated from the day on which the mother went into active labor is shown. There is a significance increase in the overall synchrony on the day before the patient reached active labor. The patient delivered on the same day after the last MMG study (38 weeks 1 day). Scale ranges from low synchrony (dark blue) to high synchrony (dark red).
the prediction of preterm labor or the diagnosis of true labor at term. Unwanted hospital stays and treatment could be avoided if physicians were able to more objectively differentiate between true labor and false labor. For preterm labor patients, early diagnosis is essential to the implementation of successful interventions to prevent preterm delivery and improve outcome.
Electrophysiological studies show that smooth muscle exhibits syncytial nature by having low resistance pathways between adjacent cells. 22 The electrical activity arising from the pacemaker cells excites the neighboring cells because they are coupled by electrical synapses called gap junctions, which provide the low resistance pathway. Gap junctions are Figure 3 . The variation in synchronization index as a function of gestational age for patient 48. The first recording was performed at gestational age of 37 weeks 0 days and last recording was performed on 39 weeks and 6 days. The day prior to which the study was done calculated from the day on which the mother went into active labor is shown. Low synchronous activity can be observed in earlier recordings in small pockets, whereas there is a significant increase in the synchrony over the entire recording area 2 days before the patient reached active labor. The patient delivered 3 days after the last the magnetomyography (MMG) study (40 weeks 2 days). Scale ranges from low synchrony (dark blue) to high synchrony (dark red). intercellular channels that facilitate electrical and metabolic communications between myometrial cells. Gap junctions consists of pores composed of proteins known as connexins that connect the interior of 2 cells and allow current and molecules to cross between the cells. The gap junction function is regulated by structural coupling (the number of gap junctions), functional coupling (permeability), and their degradation. Garfield et al [22] [23] [24] have shown that gap junctions are sparse throughout pregnancy but increase during delivery in various species. It has been shown that at preterm, although the uterus is spontaneously active, these may be isolated areas of activation due to limited propagation resulting in low-amplitude contractions. Conversely, at term, there is an increase in the spread from these areas of activation due to an increase in the number of myometrial cells recruited and activated, resulting in high-amplitude contractions. The increase in the gap junction provides better coupling between the cells resulting in synchronization and coordination of the contractile events of the various myometrial regions in the uterus. The results of these earlier studies show clearly that the propagation of the electrical activity over the entire myometrium due to the increase in gap junction area at term is related to successful progress of labor and delivery of the fetus.
We based our study on the fact that electromyography (EMG) studies performed on humans by Garfield et al 23, 24 show changes in the uterine electrical activity as the uterus approaches labor. Using spectral analysis, EMG studies 25 have shown that the power density of uterine EMG bursts in patients during active labor peaked at 0.71 + 0.05 Hz when compared to nonlaboring term (0.48 + 0.03 Hz) patients. However, none of uterine EMG studies [23] [24] [25] [26] included serial recordings on the patients and provided enough spatial resolution to observe the changes in synchrony of uterine activity as the patient approaches active labor. By recruiting patients close to term, we wanted to track changes in the uterine physiology that results in better propagation and synchronization of electrical burst activity throughout the uterus. With the high spatial-temporal resolution MMG recordings, we show the evidence of changes in the uterine electrophysiology as it prepares to approach active labor. Thus, the efficiency of contractions leading to labor relates to the spread of synchronous burst activity over a large area of the uterus.
In our preliminary work, 17 we had shown that the local synchrony in the phases of the multisensor MMG increases as the mother approached active labor. However, only a small percentage of patients exhibited this feature, while in others, there was no clear increase in the spatiotemporal local phase synchrony as the mothers approached active labor. We believe that the phases may not be sensitive enough to capture the synchrony, and so in the current analysis, we computed the synchrony in the magnitude of the MMG data instead of phase synchrony.
We also studied the effect of parity on uterine MMG signals. Studies show that low-risk nulliparous women with spontaneous onset of labor have longer active labor thus indicating that parity has an effect. 27, 28 Our study also shows that the effect of parity may have a bearing on the uterine MMG signature, since the change in the MSI of the nonnulliparous group increased significantly faster compared to the nulliparous group during the recording period starting at the end of 36 weeks. The nonnulliparous women appear to initially lag behind and then show a steep increase in synchrony as they progress toward active labor. The observation may imply that the uterus of nonnulliparous women rapidly enters into the excitation mode shortly before onset of active labor. Although it is unclear regarding the exact mechanism that causes the difference between the 2 groups, we can only hypothesize that it is related to electrical coupling between the cells. In general, Garfield et al 22 have attributed the increase in propagation with the increase in number and density of gap junctions between myometrial cells closer to parturition. It is possible that there is a rapid increase in the cell-cell connectivity in nonnulliparous uterus since it has experienced the process of labor before thus needing less preparatory time when compared to a nulliparous uterus where there is a gradual but steady increase in the cellcell coupling. In future studies, we plan to increase the size of the study population by including a larger group of term patients and also including patients who exhibit preterm labor. The proposed sample size would adjust for the high exclusion rate that was observed in the current study.
Furthermore, there are several maternal factors such as body mass index (BMI) [29] [30] [31] that affect the spontaneous onset of labor. Denison et al 29 studied the effect of maternal BMI on postdates pregnancy, length of gestational age, and likelihood of spontaneous onset of labor at term. Based on a retrospective cohort study of 186 087 primiparous women in Sweden, they reported that higher maternal BMI in the first trimester and a greater change in BMI during pregnancy were associated with longer gestation and an increased risk of postdates pregnancy. Higher maternal BMI during the first trimester was also associated with decreased likelihood of spontaneous onset of labor at term and increased likelihood of complications. In future studies, we plan to record initial maternal BMI and record changes in BMI during pregnancy and correlate with the efficiency of contractile activity by tracking the synchrony.
We realize that the cost of the technology can prevent most hospitals from purchasing the SARA system, but from a research point of view, it provides a great opportunity to obtain a better insight into the mechanism of labor at the organ level. We also believe that the findings from the high spatial temporal SARA MMG will aid in improving the uterine EMG acquisition with abdominal electrodes. The MMG data can provide information on optimal placement of electrodes and better interpretation of observed signals with limited number of EMG electrodes that can be placed on maternal abdomen due to practical considerations.
In summary, MMG technology provides a unique opportunity to understand the changes that occur in uterine electrophysiology prior to labor. Both frequency and synchrony of the uterine electrical activity could be potential indicators to predict uterine progress toward active labor. Once these signatures are established in a larger population, the results can be extended to understand the electrophysiological characteristics
